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Plume Charssctcristics  of a Multiple Source  Ion Thruster

C Michael I“ierf)q’, John K. 13rofdly7 *. Jlm~rm MwAler***
JCI Propuhiorr  fA/J(lr(dO~

Ca[uornia htfrihd~  {~ TPrhM/flgY
Prrsakrtu, C(/lijolltiu

‘1’his p;lper Summfirizos n description of Scvcrill  p]umc characwl  islius d’ UIC  mU][l-10n SOUWC,
segIIIcIIIcrJ ion Ihruster [S1”1] that  rue mlportant[o prispulsim{ suhsysk’.m,  spiscecrafi syskm, ;tnd
mission design engineers with rospecl M incorpormion O( inn rhrustcls within i! qwc mhSk)TI
‘1’hw  chutwtcriwics  will aatlress issues rela(cd [ooperrslirm:d  pr,rfrsrmance, Iife.time, Lhrwcr
inkwitcrion  witi a host spcecrflt,  mtlltiple it>l~bc{iml  infcraclion, andrcpcam~)ility ufcumtruulicsn
trtk.f qxxuliun.

~lmrscterislics  of the oxh;tusted ion bwn(,s) were cyaluakd r.fsrough  IWU  SCM of’  cxpcrlmrmls.
‘1’IIc (WL involved  measutinfi  the Ww3mtmsional ion ciwrm  tkmity  distribution m a function of
position downskewl~ of tie  tiruslcr wid~concllnc(ll upcratioll ofttplu  Ulrcciuns0\lfCeS. 1011
hum iisymmeuiCS  NsCSul the 100 SOurce  centerline wtwe rrbw.rw?d ~onsrruction  ofmul(iple  ion
source current density profiies through supcrpmition  of drrur  obtined  (IUIII  srpcriiliun of Individual
iu!issourctxiippear [(>livc  ~ecomett  res~]lts  pr[~vi~lc{l tht effects of ch,arge-exchwge  collisions
ii~ fKCOIJnlCd  for, klrrl divergence aIIghM for CMCS  in which the ncbto. wull stccclcritting  Vol Utgt?.
(R) wit> cquul to 0.f(93 ritnf$d Horn I& 1018’ and h~m 16” [O 22° for rhnw. in which R = 0,643.

“1’IIR wtmrwl  sel of cxperirnent$  involved collection of ion charge s[iitc dam with tfI~ usc uf SUI
Gil mass spcww~cwr  pl;tccti  downsirc;tm  of me Lt)ruslcr, Measured drnlhle, inn fraclions were
typirnlly  INS  km 10% cxcepl at very high propelknt  c(licicncics.

Nomenclature

~ Horizcrntd Axis (m)
Y : ‘v’~tlicid Axis (m)
~, : ll~wnstrt,am  Axis (m)
JD ; McIcIcd  kun Currcn[  (mA)
VS : Screwi  Voluip,e  (V)
VA ; Actxlcriuor VOl12gC ( V )
VD : Lkclwntor  VolKr.gc (V)
K : NcI-Irs-TmRl Vol(age  Ratio
Jc : (bkC(Cd  (:ul It311 (A)
Jz: Measured Be.m-n  (.krenl  (A)
m, : TOI:Il Mns~ Fhw he (seem)

Introduction

‘f’ho primnry  objoclive of this effort was  10 amist
in rfIc tkvclt)pmcn[  of Lfw  $ugmented  Iim f.brusher
(S1’~) [1] TIM infrxmarion conLlintd in this paper is
iI Sutnl]]i]iy  d LLIC rcsulls presemcd by Tierncy  12,YJ
which rle$cribes two types of expwimen[s  [0

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- . . . . . . . . . . . . . . . . .
+ (W.lutitt!  SHXW1, Ileparmlcnl  of Aeronaulil:s,
C’aliforqk  lnslimtc  of’ “f_ochnology
“* Suprxvisur,  Advonced  Propulsion ‘1’whnulq?y
(ko}lfr,  11’1
‘** Mcmbc[  of LIIC ‘1’cctmicill  Smrf,  A(lVNtCed
Propulsion “rrchn(>logy  Group,  JP1.

chardctcl  izc the S[”1” cdutusl pltrmt: I%M3Y probe
currenr  ritmity and EX B mass spec[rometcr  iun
ch;irgc  SUNC.  TiIGSC  r e s u l t s  cuuld be  USC(J  by
propulsion  sllh~ystl’m, spacecraft system nnd miwiorr
design cr,ginccrs ill oIdtI  w rwc~s rhc beMtE,  risks,
md cOSL$  :mxiard with incorpor~lit~.g  the SIT  with
o given ~p:]c~critft rmd nli~>iull,  III udditiun, these
fcsulls could b e  tsscd in  ordr?r to assess  issuc~
regnrding thruster pcrf~rnlitncc,  Iifclitltc, itltcractivn
with fJIC sp:wecral’r.  inlcr:minn lmlwcen mul[ipk  ioo
benrw, und rcpcombility  of ion SOUIUC  cokslruc(ion
ml opertition.

km propulsion hiss lrCCII utklcr Ucve.lopmcn[ kw
over ‘J() years ml hem proposed for application m
msxiliary  propuls ion li~l utbil rtiising ;md .ualiw
kccDing  cIf earth orhirint SMIC1 lift’s [4] aml :IS primary
propulsion for dcup space. and ~dullc[wy  cXplOfNIOtl
plaUorrn~ 15.6,7,8,9].  II hs< nlm bwm proposed f o r
use in tilt qwralion of kgc spricc  sysluIIIs Lhul  could
have ;m f.xfenswe se[ of e@t  orhiling and planemry
missic)nfi [10]. “Ilt .scgmcntcd  ion LhrustcI (sI-r)  11;1S

rtlso been suj?gested for rrpplicnrinn [o severnl  solar
sys(em  cxpksrrtticsn  missious [11, 12]. SINJWI1  in FiE.
1. M? Sep.rnented ion rhnltrtr  consis[s  d’ (our separa(c
iol]  SOUKCS,  coch  w,ith il> UW)I 3.gri(J  nccclermor
syslom,

Production of multipl~  clkugcd ions Wlttr)ll UN
chsclmgu  chamber of m int~ Ihrusrer  de~r’dcx chc
ideal  per formuncc of the IhIwstc  I itIItl iuurcisws
imcrrml erosion rales, In this invesligfilion (ht. clwgc
slate of Lhu  :{ccelermu.1 ions WA> rncnsurcd alwIg tiic
cuwme Of 3 .sirtple Segrnenl  in order m nswtts  (IIO
dqrudation d’ performnncc  and lik M n fui~~tiull  ui’
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the i o n  source b e r m  curren[  (JI3 ), T h i s  was
accomplished by pl:tcing an Ex13 TISilSS spectrometer
dowrrsrrcam of tic operating segmtm[ and mett$uring
the collec[ed  curren[  (,JC) iis n func[ion  of vol tage
i.spplied to Ilk? dcflccwr  plrm$,

1.ili2time of an ion thruster is primarily limited by
erosion of the accclernlor  system grids duc (o
sputtering of grid material by ch-arge ex~hange ions,

Wgmentea  Ion I hruslcr
Figure 1

The LWO ion beam charticteris[ics  evaluated  in this
i n v e s t i g a t i o n  th;l[  impric(  ii fctime were  bcarn
trniforrni[y rind mulliply charged ion productim].
Maximum grid lifetime  is uchieved with uniforrh, tlm
beams wi~h production of only  singly charged  ions,
A non.unifmrn  or nowtlat bcarn profrlc  will produce
uneven erosion of the grid  ma[erial  and therefore
accelerate the crosiol] raw in some regions Compwcd
10 thts( of LI~c  idc?al  cuse,

Divergcncc  of the exrroctcd ion beams cirn be
described by tic hewn divergence angle (u) arrd help
identify “keep oui” regions tor solar armys and otiwr
spacecraft tippcndtiges in order to prevent direct ion
impingemcm  on spacecraft surfaces, ‘his angle is
dcfirwd  as she half cone angle measured from t.hc
edge of dle active ion source, which contains 95%, of
thC iWrn CUrWtl[,  fk [ 0  ChM& cxchangc  effWLs,
the measurable beam current (Jz) tends to decrease as
a function of distance from tic thruster (2), The
beam divergence angle (a) was  calculated for each
plane of Faradrty probe current dcn,sily  dntfi collected
during tic individual opertition of each ion source,.

The primary design feature of the scgrrwn[ed ion
thrus[er  which mnkcs  il different from other ion
thrusters is W tour ion Srwrcc configuration. In
order [o study the opcrution of mul[iplc  ion sources,
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this investigittion  will compurc  the btmm current
density prnfiius  generated from multiple ion source
operat ion to the equivalent profi les CrCa[ecl
malhcmaticn]ly  through superpositirrn  0[ the dntn
obratned from optna[ion  of single mrrccs

Apparatus

Tes~ing  was conducted in a 2.4 m-diu, x 5 m long
stainless steel vacuum facility with an effeclive
pumping speed on Xc of -14,000 L/s. A more
dt!railcd description of the Iucility  and S1’1” suppur[
hardware is given by Mueller CI al, [13].

The segmenuxi ion r.hrustcr  shown in Fig, 1 is
made up of four 15-cm di,ameter ion sources ot tllc
type described by Rroph y el al. [ 141, Each ion soorcc
is n modified, wdcd-dowo version of r.hc NASA
light-weight, 30-cm dii~meter  ring-cu.$p  !hruster (1 5].
Each di.schurgc  chamhcr  body i s  maclc d’ 6061
n{uminum  tind the r i n g - c u s p  m a g n e t i c  f i e l d
configumlion  is formed  from lwo rings of samarium-
cobnlt magnets; onc positioned M Ihc upstieam cnd
near the. cathode and tiw other at rhc downstream end
near the accelernmf  syslt!m, TWO O( Ihc ion sources
have d)e pohrity of (Iwir magnol rings reversed [o
give ii righl  and Icfl.himdedness  LO the sources, In the
S1”1”  Clmfigurotion,  Lhc im] sources arc integrittcd such
Ih;i( se$.rnenrs  A and C MC right.  hankl and B and D
are Icf[-h,anded,

‘I”tw ion source scg,nlcnts  ,rue imegramd mm a
base pln[e suucture  ir[ ground powntin].  LdcC~iCill
insu]amrs hclwcen the scgmenls ;md m tie cenlral]y
located ncu[mlizer  assembly :Irc used M make [IN!
overall suucmre rigid,  Ik3ch  ion source is electrically
isrrtatccl  from tlm r)thcrs,  E]ccuicrd inlcgralicm of r.hc
ion source segments is nccomplislml  ;Lt [Im power
suppl ies .  This  enables a faulty ion source to bc
i,solated  from the others, A single, centrrdl.y-lrxxkxi
I)CUkdiZer cathode is USCd [0 neU~d]i  ZC a]] Of the 101)S
sources. For a flip,h[  propulsion syslcm which
consists ot’ a single SIT, Q second rwutrnlizcr  callwxtc
would ]ikcly  be included for rcdundmcy,

“rhlce sets M S.grid ion 3ccclcralor systems  vwrc
t’tibrica[ed from carbcm-carbol]. A  f ou r t h  SCt WIN

&unaged during fatrricalion  srnd cmJld  not bc ustxi,
Ion source segments  A, B imd C were equipped wilh
IM. carbon-carbon grids, Difticutties in opcratiori OF
scgmcnl D precluded use of this segment for drr[a
acquisilicm. Geometries of the carkm-ciubon  grids,
sss well :IS derails o! thc fi(bricntion  and opemtion arc
surrunarized  by Muclkr ct al, (16].
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the Mocintosh computer, ‘“1’hc same I.tibvicw
progrwn  used m con[rol  mrxion of the p r o b e
positi(ming  sys[em was also used to COIICct  t h e
Farriday  probcdntfi.  I)uc[o[hc number O~liiKi~(liiY
mobcs  used and the l imited number of ~hi~n[l~!s

“rwo  different Lypes  of charged particlo  probes
were used ill Lhis investif+lion, Fidtiy prObCS imd

m Ex13 mass spectrometer. A km] d’ 24 Hirndily
probes were mounted m rr vcrtiswl mkc with 5 cm
between probe centers. Mown in Fig. 2, [he button
portion of euch probe wits 2,3 cm in diame[cr WM a
- 0 . 1  cm rhick  tur)gs(en coming on the surtkcc m
rcdtrce secondary t.kxrrm emission. The cup and
bu[(on w e r e  biitsd -30  V  w i t h  respect [o the
surrounding mnk wsdl  in order w repel t’ree chxrons
within  rhe ion beam,

Tho ExB moss $pcctrometer, shown in Fig.  3,
consis(s  of it fixed magnetic field in lhc vcr[ical
d i r ec t i on  and, rhrough the IJSC of o pl’~gr~]tmiible
powtx  SUpply,  h:ls ii vnriablc  clccuic field i n  d]e
horizontal direction. The collccmr  surl’acc  is also
covcmd wi th  -0 .1  cm dlick lrIycr  O( u-mgsten  for
reduction of secondary cltxxron emission,

.
available on the 1/0 hard, u mtrltiplexcr  was ustidl

PI
. (lrllec(or CurrenL  WirBwon

((hrrrnt
ldlec(or)
&

(

*
cup Bias

-30 v
r(

Rcsis(or

)’

Reading

To DAQ

Power Supply

Both UW l“madity  probe rake ~tjld IJC IMI IMSS
spectromc[er  were scp,arrr[ely  numnlcd  [0 n 3 axis
p r o b e  posiriorriug  systcm, T h i s  syswrn uses
rccirculn[ing  ball betiring  pillow blocks, sl;iinlcss
SLCC1  slide rails, recirculating ball screws  rmd swppcr
motors for motion xxumirm.  Motitrn  of he syslcm
vms contro[lcd  by u Macintosh Cenrris 650 comprmx
wid)  labView so f twa re ,  a  digiuil  1/0 cnrd, and
s~cppur molor  drive cluxronics.  In order to detemtiw
LJ]C posi[ion of tie tmvcrse mechanism wish respect m
a prcdcfirwd  origin, the 1,.i[bVitw soll~ire courm tl)c
number of TTL pulses lransmitwd  M tlw srepper
motor drive clcclronics,  and kl]OWing  the lL’m!l O( Ule
ball screws, the computer calculates the locm.ion.

l“hc  ctwrdirm[e  axes of the probe posiliol]ing
syslem nrc a.. follows:  loolchlg  ciowns[rcrim from the
poiru of view of the SIT, X axis - Lt!ff/Righl,  Y axis -
Lrp/Down, Z tixis - Fron~rick.  The origin of Lhcse
oxcs corrcspoml  m X,Y,Y, = 0.0,0 ,artd is locwd  in rhc
lower lull h~)d  corner of the Mnk with  Lhe l:~tidily
probe collec[or  surfilccs  a[ the thrus[er exit pl:mc,
Posi[ivc X uavcl is from lef t  to right,  posi[ive  Y
travel is from bottom 10 top, and positive 7, [rilV(!l is
from up.ttrcam so downsLrearrJ,

..— —
Fi~itdi\y  Probe Diagri~

Figure 2
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The EsB prdw dm acquisition systcnt  wnsis[wl
primarily of ~ Ke.ilhl y 617 ‘L2c.clrome[er which W[[S
used in ‘rrwiisrm  tl~c”current collccwd  by [Ix F.xB
p r o b e  !or  il given poterr[ial dil”l”crcnce across d~e
probe’s deflcclor  plates. “UN!  memuwd  valuC ‘JJil!i

[hen dig, i tally [rnnsmitwd lo dw Mw!in[osh  computer
viii  N GPJ13  in[trfrrce,

Two different driti.r acquisition systems were
used, onc for Faraday probe dara coliec[ion,  and
anolher for ExB probe dam colkxxion.  Me Fartidtsy
cups were each connccttxi across resis[ors dmrtrgh o
bim  power supply to ground. A volutge conversion
mmlu Ie ccmvcrted  [he voltagu d r o p  rc:id ilcross a
rcsis[of  (t50 mV rim~c) m x si~n;d (t 5 V  range)
w h i c h  COUld bc rend hy il[] ~m[drJg 1/0 botwd  wi Ihin
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lkad8yPr  ol}eCurrent Density F;xptirlment

Al i combirmtions  of segments A, B, rind ~ were
opertitett at [hrce different beam ctrrrenl.s and two
diffcrtin[ ne[-to-[oral  accelermirrg voltages raLios (R),
Trrble 1 gives eiich  of dwsc opornting conditions.

Table 1
Dm rB Vs VA v~ ‘R
Scl (mA) ( v ) (v) (v)_ “

1 430 1250 -150 -100 0,893
2 312 1250 -150 -lal 0,893
3 500 1250 -150 ] -lar 0.893
4 430 I 900 -500 I -20!) 0.430

Clptmlting Conditions

I%mday probe da[a was collec~ed at ss cord of 5
downstrenrn  location (Z = 0.356,0,508,0.660,0,813,
0.965 m) l’or data sel 1 and a [otal O( 3 downstream
locations (Z= 0.3$S, 0.660.0.965 m) for dm se[s 2,
3, nnd 4. At each d’ these downstream positions,  the
Fiwi&ry  p r o b e  ri{ke wiis moved bit~k ;tn(i fourth
through the ion t-mm(s),  slopping every 2S4 m, :ind
collecting a tom] of [00 swnplcs  for  each probe  al
each pxifion, E,tCh set Of 100 sampltx wi~s :i~~ritged
and tlw slwrdard dCviiitiOn Wils compulcd.

Severa l  rrdjuslmems  to the mw Mir were
required in rwdcr [o MXX_NJn[  for no[l-idtill  opcrirting
conditions of the experiment, prepare the collcctcd
dntrt for analysis, rind to transform the dma in[o a
more presentable form, TIWSC udjustmenrs included:
removal of dam collcctcct  during thruster ri!cyclu
e v e n t s ;  formntion  of [he datm into  2-D matiiccs;
removal of biases bc]ievcd  [o be caused by non-zero
pressures within AC vncuum focili[y; accounting for
secondary electron emission; conversion 1.0 rnclric
units;  crmvrw$ioll of rrtrlasured curren[s 10 c u r r e n t
d e n s i t i e s  f o r  it g i v e n  p r o b e  collec[or nrea;
cfmstruc~ion  of superimposed, multiple ion source
drt[a: and interpohtlicm  of 2,54 cm spiicrd  rJNln  to
produce 0,635  cm spaced valtws.

Cumcn[ dcnsi[y contour plo[s were constructed
for rrll cornbina[ious  of opcra[ing  segment(s), ion
source operating condition, and downsm,m  locution
of O]c Faritdity probe dam acquisition plane. A 2.
dimensional Simpson’s Ruic was rrpplicd [o the dit[il

4
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mrrtriccs in order 10 calculme LIIC LOQI measured
dowrrbtroiim  bwsm currcn(.  Reduc[ion  in [he
mcttsured beam cr.rrrcnl compared to r-he mt!tcred
beam currenl was expcc[ed due [o charge exch:mgu
effcct$ and crrmparisrms between che mefrsurud iltld

cxpec[ed beam currents were mrrde, Using the 0.63 S
cm sptwed values for single ion source operation, dre
beam divergence anglus were calculated.

l&tIILSJ!JMWYYti@Qu

Figures 4, 5, and 6 depict typical current density
cwrwur plots for thi! iou beams cxtractcd  f r om
segments A, B, rind C respectively, The p]ols were
generated from darn collected 0.660 m from (hc
thruster a me~ered  beam current (JB) of 430 mA and
R = 0.893,  The srep size between urdnbeled contours
is equal to the max imum Iabclcd con[our. one

ObscrviiblC  charitctcristic Of th~sv contotm  is they m
not round,  bu t  e l l i p t i ca l  i n  shiip~, Similitr
investigntirms  in[o tile chsmcwristics  of other ion
thruster plurncs gcncmll  y present rcsu Its 01 uniform
b~iims, such m in [IIC work  dorsc by Ftxurr  C( d. f 171
iintt Groh et al, [18], III addition, the degree  to which
each segmwrt  produces non-uniform bt)itrrrs  is
different as is [hc oricn~timl  of tlw bctarn profilus.
Oritmuulon of Lhe icm benrn profiles crm be described
by using the vertical axis (Y) through the celltcr of iin
ion btarn with  tic 12 o’clock po$ition  being z e r o
romtian,  measuring posilivc  mutlion  in s clOCkwiS~
dircclifm  [mm thal posi[icm.

As shown in Figs. 4 through 6, the ion benm
~xtrit~[td  f r o m  segment A iipp~iirs (o be the most
Hsymnlewic in comparison to those from segments B
smd C. The segrneru  A “semi-major ●xis” is can[ed
about +lSO. Segmen[  B seems to produce the leas{
twymrr~erric  berm rmd the “semi-major axis” lies m
approxinli~rcly  90”, With an oricnt8tion  of close [0
0°, the, beam exrrfic[cd from segment C appxrs closer
to segments  A with respcc[ 10 the degree of
Mymrnclry,

“1’IIc most likely CAUSC for non-uniform beam
profiles involves rnisulignment  between Ihc grid
holes of the accelcramr  sysiem, Alignmem  of these
holes affcc[s the tmjcc[oncs  of the acccltxmxf  ions,
lf all holes of adjiicent  grids nrc not radially
consistent in alignment. the ions will exit in such I
manner WS1 t.hc rcsulling  current density profile will
not be symmetric. Vari{lble  spiicing  between the
grids, position errors it) drilling of Ihc holes, inexnct
aswnbly o f  the grids,  rmd vruintions  in thermal
expansion of the grkis ;Irc all pcxentird  fcrc[ors in hole
misali~nmcnl.  Vari:ltions  ill spncinp bc(ween  t h e .
grids  could b e  crrused hy di(l”r!rcnccs i n  spacer
thickness or by lKM1-fli][rILXS  of the grids.
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Fig,ures 7 m 9 Oi$plav  example current UCIKIIY
Contour plo[s al (ho diffcrem  downs lrcom  lcwmiwrs.

T h e  drim used m create  llg, / wks acqu!rcd  iu fI
diwmce  of’ 0.3S6 m from r.he  ion exit plnnc  of d)c
lhruster wlur dm for Fips, 8 aml 9 collcctcd at U,66U
]n and 0.96S m reqxctivoly, hctr ion sourct) hod u
mcltxul beam Curferrt N 430 mA and fin K fIN.10  01
0.S93 wilh x screen vrJUgc  (Vs) of 1250 V.

As distance horn he WUULT  inCrl::lw.s. Ihfi k~m
tends w spread and lhe peak cur~cnt dcnsi(y
dccreaws, ‘I’M().()S()  :tn(lf).17\  nlA/cm?.  conloursdo
SIO(  LlppCW  k3i IlCWiMC  in SIZC  SigllifItiUldy  Wld Stx![ll

1 0  rcuin  [he lrllllit] shnpe “1’hI:  0,010  mA/cm2
C o n t o u r  hOWCt  Cf,  (lOcs  t’ovcf a glcdtct ill Cil wilfl
dlsUllicctromdledlnlsLcr.  ~i$~.nlndl:.vcl~~pmenlis
primnrily duc to divcrgcncc  of tie ii)dividuiil i~ll
beamlcli  cxlmcttd  from c:lch Im]e.of llll!:lt’(’~’l{:r;l[[~r
syswm.

‘IW gcncral  slla~r, i,liclllalitlIl,  iill(l IWU1OIIOI’
the snpwimpmrd rur-wn( deniity contour  plo[s qycc
WCII i n  comimiwxl  (U dIc ~wrren(  dcnslty pIOl$
gcrwrnlcri Wi[h di([i~ nccluircd  frurn [hc Wlual
o~ralioll  {>fmultiplc icjils{nllccs,  F@rcs  10tiruugD
13 dcpictfour,simplt  conlp:iris(~ns.  In cmes wlwrc
Farbdtly prohc  daI;I WM COIlCCIC.d  tit ]w>iliulls CIUSC  LO

me  lhrustcr  rhere is Iilk discrepancy ho{wrm red
nnd superimposed contour plu(s  (Figs. 10 iit]d 11),
Hpwever. ;is(lls[i)nce f’r~jr) the  fhri]cl?rir]l.rd<lst,s, LI-Id

dif ferences bccomc more prwrr)unccd,  “rhcsc
difterc]]clts  refry indic:]te inlcrnc(ion belween dw ion
bcnms,howcvcr.  this intc[actioll]llulc  IUwlyislluem
Wlily rmd resl}lrinp, rl)argl:vxchonge  tffccis,  T h e
diftixcnccxbclwccn figs.  12illllJ  13 ;ucrnuctl more
gronounccd tilmthnse ~.tw,:tlrl  Fi~s.  IOSIILI 11, The
only diffcrcncc  in lhc opcrtr{ing cuju-li~iuils trc(wccII
FIQ. 12(~ imd l-’ig. 12 is  t.hc nltrntxw IJ(:IcIivc  icm
eourcos,  3 for fig, 12rmd2  forr)g. 10, Athlilit,llur
finactivc mn source in Fig 12 wmIlri Ilfivc.  incre;]seci
tiOf:icilily  pms9urc  conlpmd  luhatf(>utld  ill Fig, 10
duc[otile  lllpherpro~llofll  tlowra[c,  ard IIleretbrc
increusetf  Ik c h a r g e  cx~htmgc  cffcub LJII l!tc iwI
beam
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Moztofll}c  discrcpmcies  bclwCCI)  ti)e161(egrilIt?L]

(Ineilsurtrl) beam currents  WI IIIC t]lcutclictilly
calculn[cd bWmI  c u r r e n t s  bused on chsr,y cxchnn~c
erfec[s were Icss tliw) 109i~  (UI GISM  in which R -
0.893, Thcr:it~gc  wasasl~igll  as?.O~fi  nt~dntlnw~!
2%. Ilowcver,  for cuscs ill whiull R= f).CA3,  r-k
discrqmncies  were r:lrcly!cmthsn  1S%, willtwmf,
8shij!has 28%.  ln~[~)[i\l~)f660u[~fd]c83 widl R
= ( ) .  ?03, the uncerl:{intics  associn!efl wi[h III{?
thcrrrclicfil and In[cgrii[wl  beam CUIICIIIS  ci)ukt

accounc for [he di$crepmcies be[wetw IIW vnhmf
Ttrls slgreemimt bclwccu OIC UUICUIWXI  and mcasurcci
values doec not hold well forc:{srs  wh~re,R =f),fkl?.
OIIIy  1  uf dIc 21 tmcs  could accoutlt  f o r  Ihc
cliffv.row’ni  “l”l~is level of{ii~;lgrcelnell[  b[wecll  [ho
IIItiI~UICd Wld d~ul~[edvitlu~~ wh~  uncxpcc[cd  nnci
nuempn  wrrc mark m lwrwr  nmlcrwmd  this.

Aiicllliull  wi[sfrxuscdondrc itssurrrp(ioms  uwd

tonccount for charge rxchw~gc~f(e.cts. one  [If !I)c
iMUHlp[i[llls  usa.i ill lhc 116cuIy  was  that ol’n  highly

collimated beam, W i t h  n lower R rnfio for IIMJW

CUSCS,  (IIC iujl bCILIII  lcndcd [o bc w i d e r  Ihiit) thr u
hisher  R  m[io.  The chnrgc rwchnngc  txlkula[ions
USCJ  (IIU  axial dislancc bc~wccn the prokx and the
tl)rwsltt.r  exir ph-tne.  which were f’rxdd  at (J.356. 0,506.
0.6G0, 0,813 or 0,965 m. II would have bccnmorc
qywnprifl(c  m usc tie disrnnce between  the cermr 01
the thruster M Ihc ion exit plane rmd cnch itidividuol
prnhe, ~l<r}pposed lothcllomd  dismcctolhetil:l
nC~uisi[i(m  plaoc, This would hitv~~~c~(j[)[cd  forrhc
physical disl:mcothc. ionslrav~ltwt  Altholl~h IIsing
lllis{lf(  ilxis(lisUulcc  wOulUhavC  been more ilCCUrillc,
iris nor fe.mihle m[icrcrminc where on Lhe exi[ plnrw
of drcmultiplc  ion SOUKCS  would bc thcopproprinw
spnt.  fmm which Lomcasure.

6196922338

20 N *) )( I co 7rJ $0 ~, )
X Posi[mn  (cm)

—-
Cwrc)ll  OEIUIIJ  Cuwul 1’1.1

Ryn nlla.2<1).’xs m

FIsurc  13

!iUQNiIIIDUSMi VS. h!(MSIW!.BLW)  cum

Cnnlp:lrisml 01 lhc trcam currenf volucs
inlcgrdicd using rrlcasurcd nud superimpwud IJ:I1:I
values showed UI;II  I.he mteg.m[cd tMSII curr’c.nts  using
supcrimpoycddnm were gener[llly graateI’  r.hms(  host
usil~gme;surcd oilla, Ttse Oifierwk?sweren  orm; llly
lc~s tlmn 8% with Some cxc?ptions,  l>iflbrcnce~ in 40
ofihc  56cases could be:lCcc~[ll)[ed  for bycvalufilin~
dlc uncertoincics  associntcd  with both integr:ltod
vlllue!, ‘1’lmre  seemed w IW some clependenccor
these slifkrcncc!.  on tic number of nctive ion sourcc$,
The discrcp,ancies ttmdcd  10 hc l~lghertor  cilses in
which three. ion suurcw wc.re opernting.  Thi&  6JIIIM

have been reldtcd  to elr.her  [he in[eriwliou  01 ion
bcarnsor  Lhcrcrnny hnve betm  :1 fociliiy et’t’ect {h/it
was  dependert[ upirn the J. CIIOII  mnss rww rim iSIId
prsmpin~  speed, ‘I”harc  d i d  not nppear  t o  bc any
Ctcpcnucllce  OS’  [his OIt R  ra[lo,  i o n  sourut b~ii[ll

currcnt, o[ dis@Ilcc  from dlo Ulrustor,

13carn divcrgcncc  i~nglc$ (rz) t e n d e d  (o vnry
h?rwce.n w~ments  nnd were dcpendmt upon [hc
mctcrcd tmtlm currcl~t  irqd R  ra[io.  AI Lhough  Ihc
memtm:d divrxgtnceanglc.  vnried  wi[ll (Iowmstmam
psxilirm,  m trend was idcntiflcd,

E’igures 14 [hrough lb d i s p l a y  (hc beam
divcrgcncc nng]cs forchch scgnw.n[a(  rhe different
npcra[ing  crmditions.  Segmen~ B KWOCd lcrfmxlucc
d)cmost  c~llinlii{cd  bcitn)ti]])~[)g  Lhcthrccscgm6mL”,
!k?r?rne.  nlc A anrtc  trrwlwl rmsirims  for havin~ h!
l[l~sli.livcigcn[  p]urncs  IM mctcwd  beam curr-tnl  and
Rvr6ried.  ~eHvail;lhlc hc~ulldivergel~ cc~glcswerti
averaged  ~long wi[h (heir as.qocintc(l  uncerulilllics ill

order [o enoble n qurm[im[ivc compansrm 0[ UIC
results bc[wccn the diffcrcnl
conditions w EIVCII  III ‘I”atk 2.

. .
Lhruster opern(ing

PhGE 8

7
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T h e  most dri.tmatic shill in bcarn divergence
M)glc  (rx) occurs  when [hc R ratio cho.nges from 0,893
mO.643, The\vidtil oflheion beM\scmnnling  frl>r]l
eacl]l}f ti]cwgmc[][  sil~creitse  34, 56, urld63  percent
for seg,nmw A, B, find ~ when cOmpilred  [o r.he
beams prodtrced wid] tiicthms[er opcr[itingi~[430
mA wi[h  R = 0 .893.  T h i s  i n c r e a s e  i n  beam
divcrgtmce  has been identified as a possible cause (or
R = 0.643 ilj~gritted  beam cuwent values M be cm the
order of 20% lower lhim tie beam curwnt values
expcctcd r4f1er account ing for  ChilT~L!  excllarlgt
eifc?cls, A huge change in Q is also visible be[ween
!wgmem C al 312 mA find 430 mA or 500 mA.

TSA I I (de@
14.7 (J,4

0,3
13.6 0,4

1 A 1 312 10.893, ]4Q 0,5

893 12.1 0,4
OA-1 164 1?

Ea&=”da”
t-EEHLLl_

E ‘-
. . J “.> .,, ..!.-, ,L., /., u,>

(: 5 0 0  @w3 13.0 0,3
A 4 3 0  o,&13 19.7 0.9
H 430 0,643 17.2 0,9
(’ 430 0!643 22.2 1,2

Average Beam  Divergence  Angle Rcsulrs

F;xB Robe Charge  State Experiment

--

only segment  A WSIS used for this porlion  of rhe
invcs[igi~[ion. I:or Ihe cen[erlinc da[u collecti(m  pilrt
Of this cxperimen~  LIIIIX [lOminal bc~ currel~ts  wCrC
used, 312 mA, 430 mA, and 470 m A . ‘l”he
corresponding propellan[  flow rates ( rni) were sci.
s u c h  tiloi an uncorrcc[txl  propcll:ln[  u t i l i za t i on
efficiency of 0.90 would hc produced (4.83, 6,66,
7 .27 scctn). Once rhe propeltanl  flow rate wos se[,
the discharge curren[ WM rdmped,  I_mr,h in Lhe po,sitivc
and negmivo directions, such chat lhc uncorrcclcd
proptillnrl[  utili7.;ltion  effwicncy  would  range from
about  0,50 up to over 1,10,

I’m  lhc rndial profile dnw collection portion, Lhe
beam current and propellrim flow raw were Gxcd m
430 mA and 6.66 seem, respectively,

~(JJl&

T h e  ExB mrMS specmrmc[cr  WM  il)i[iillly
poshionecl  0,6 I m downstream of’ lhu thrusmr wi[h
[JIc wnterlinc  O( [hc  c~llimil[or ~pprt)xirn;twly  tioIIg

[he scgmcm A center l ine, F o r  lIIc! ~Cr]l~r[il]~

PQGE  9

$
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ctai~ cOllCCllOn. The probe was LfWs18[ed  61fOng She
hOdZOnLd  and vertical  axes. one m a time, in 0635
cmhtcrements. Da[iiwtis  collccIed a[enclllMIlon.
Thcnlngo  ofmotion  along bcr[haxes  wxssufficiwr~
such tiatatthc HmlLs, nt}s!ngly c)rdoublychorged
ion signals were derected.

SimiItir irtijrmrsrmts  were mrrdc to tic ExIl  data
inrwdfirlormcnunl  fnrf~cilily  hckgrollfld  pm.suurm
The collcctcd  data was also smrrothcd in CUUCI  w
mrwe  emsily rleremlhm pmk vnhI?s ~nri rrdjllclrrw.o[~
were made 10 (I1c propellant rrtilizir[iun  c. fficicncy
values to rrccounl  for propclkim tsnckflow into the
dischnrgc chnmbcr.

ScveIid iuIislyw.n  wwc i)crfurmcd will] Ihc
adjusltid d:~raprl>viously  described.  CollecIedcurrmu
(lc)vs4rldlwbl  plulcbius wcrcplllllcd  irlclr[lcr{u
determine she meafiuwf  peak singly and doubLy
CfNNgCdiO  tICUrrC[l[%  “Ihcchtwgc  suKccum’m[{K~:)
nnd number (Rn) rolios  were colculntccf, propclhtnt
utilization efficietlcies ctlmoctc{i  ti~rrlnllhl ychflrpfvl
ion prwluction  rmd propcLlrmL mass  ingcwion w e r e
cafcultited,  Ch[trge sfiIk! LhrusL  correction k+c[ors were
cdcu Iutod, and plu[s of ~pvs:  Rn  and fc vs. Rn ~CrC

rltwplqw(l Prn~liRnr  tl!ili>nliOIJ  t} ffi~’il~nCy  (~})cz)
unccrudmy  ,analyses were atsc)  conducted.

~

Iontxxtm  centerline  cfmrgewrlc  w~fcwih.mtwl
for s Iota! of f ive  d i f ferent  lhrrssLer opcrnting
conamons.  l“1lesc conOilions  correspond  Lononll[121
barn  cvrren[s of 312 nlA, 430mA, :md 470 mA.
Numiusil  bCLWII  c u r r e n t  rcrlxs [0  the  me[efeu brmn
current at which the  uncomcc~!d propell~(  utitk~n(iot~
cfticicilcy (I]p) is 0,90,

Dola generohd from these mcuw.srcmcn[s  uc
preserr[ed In charge s[tite nttmber  rri[io {l{n)  vs.
corrcclcd propellant Utiliniicm  cffi~iullcy (llpsQ)
plots given in Fig. 1 7  through  2 1 .  Error  l-sam.  aro
iucludcd ill dIc phms IO show  uncer[trlnues III UIC
cxlculationofq ~..

A sl~niflcan[ aspect of these curves is trmt UR
corrected propcllnn[  utilization etlicicncy  i~ srill
grcotcrrhirn  1 (or btxrrr curren[s  RrealHU)3n  about
370 mA. Since lhis is physicnily i m p o s s i b l e ,
tillcmfm  w e r e  mwlc m exploln [his rcgarOlng
unccr[ainiy  in measuring doubly Charged ion
p r o d u c t i o n  smd distlltirpc  chiimtrcr  propeils-ml
ingestion, For [he dma poin[h  in which ~pczis

frrfmerthrsn  1. Ulciissoci;l[cd crrorbus  exfet)dovL’r

Lhe r)pp - 1  line fordlbulortot;)so,  which means
W,~lonlyonc&ltap~~intn~ay  belruly  suspect. “l”hw
dala ~inL  Of ~pC2 - 1.0S, shown in figure 19,
cnrrespondsro Lhrtlsl~rope.rnrillp,  crmrlirinns  of JB =
42fmA,  fil= 4.8S sccrn, aml VIWS  = 49,1V.

Inirinlly in this itwcs[igalion  it was  awumcd d]at

pr(Mhw(iorl  o f  Iriply chnr~i=d ions crwhi he nep.lfirmd.
A c c o r d i n g  to SoYcy  [19), prrrducLion  OF triply
cl~firged  iot)sdid  llol~girlurl[il  {llcdisch;uge  vl~llagc
IGaclIcd  tippluximu(cly 42 V, TIIC rcwru  il WNS

assumed tbattriply  charged ion produclicm would bc
Ilcgligitrls! was Mcisuw rc;luhi[]g Wschitrgti  vol[dgcs
ofover40V  wasnotm)ticip~k’d.  %veyfounclthritai
dishrgt vuliugcs  IJf46 V lIIC i.riply charged ion
producsh  rare ww 2% of she  singly chnrged ions. If
Uiply &tI gd iwl)  wwG  pIutluucU  1!1 Lhcsc  higllcl
rtisrharfy w)liagps ill t h i s  invps[igilLion, [hen Lhr
propclkull u[ili/.miutl Misisilcy  cul lcxlt!d fw duubly
~nrf reply chw,yvl innt m WC.}1  m propell:mt  ingvslion
Woulli  IX 1,041 L 0,046, Nutc hCIC  lhtil dle
Uncercun[y would allow the error  bars 10 Cxwnd over

dIc tll)c~  = 1 line wf WOUIII  (or W grew Win 1
duo,

, . ,
~c ‘QLMLlcdftCLQs

Figures 22 t h r o u g h  M di9p10y r.hc ion twwm

Chtlrtic sr:ifc  thrust mrecuon  L[lCLOfS  (ICI  m a IuIIC11OI)
of hcwrr cumcrt! for given propclkmL [low rNCS.

EWlkKll~~

F1f?urt$  27, 28, 30, aml 3 I Lfispltiy Ihe collected
currcru  radinl prof!lcs fcu s i n g l y  (1+) iiIILI  LIoubly

(~++)  Chwgtd  iom gwwrmed  by segment A. ‘1’hew
prof i les  were crciruxl with  mensuremen[s from aIl
Ex~  mm-s specUonlcLer probo, which wwc IocrlIcd
().61 m downs[refun  or me  lhruswr. Ptuurcs  29 ilnd
32 show the resulting  chnrge state number ratio (1-+1)
raoiat pr(rftlcs,  Some unexpected Charflclcrlsllc$  o!
the rsdicd profilw rusulwd, Iw.we.ver, cmd there wns
lnsurficien[ dat4 m ossess  refxcrusblhly  0[ the resul[s.

9
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Gmcluuiorrs

The charge sra(c hu%l crrrrccrion  futtor (fc) is
givet~  in figures 22 through 26 m R fwrcrion of
mwre.d benm cufrem (Iu ) for Uw  plopclkrnt  flow
r{l[cs. The vnfucs for fc are based upon the mensured
chrrqe  slrtle mlmher ratio  (l/n) afonfj Ihe Cenlcrlmc  t)f
the segmem  A dischrrrgc  uhiuubvi.  According to the
12n vs. X :md Y plrm given in figIIrr.t ?.9 mf 12. the
milximum value for Rn  is um IWMCU  itkmg  ihc

crmuxlinc,  tmd  thereforv,  thw+c  fc vrdues  cmmot  bc
rxrnsificrcd  worsi casL!, ‘Mc wnrs[  c a s e  vnlues,  in
rcf’crcncc  [O the Rn vs. X profiles, nre betweun  17 w-l
20 Percv.ot l:lrg,cr  tlvm Iht: rxmwrlinr!  values.

Tk plqxllilltt utilizatirrn efficiency (rIpc2),
corrtxxutl (or doubly chargetf ion production, is givm
m  fip,urts I 7  lhroup,tl  2 1  hs rr functiou  0( tiIc
centerline ch:trgo  SISIC number  ratio (Rt,)  for lhc same
three propellant flow rates used for  drWrmillitUCrIl of

fc,  The rlpcz VUIIICS  ~ivcll in rlrcse fkurw wom ds~~
r-nrrrwlerf  for ingcslion of prope,llnn{  into (IIC
discharge chrrmlrcr duc 10 fucilily  background
pressure, Slrmc Ot ihc ~pcl values  ~lven in f’iuurcs
18 end 19 were grcil[cr  Ihm 1.0. In all but orw of
tlww CWM, Ihtt mrccrfi]inly  in W measuremerm  was
sufticiclllly  Iargc t o  a c c o u n t  for (,hc g r e a t e r  t.hon  1

V:IIUCS For III(’. single C:IW  shnwn in frgme 1 ~) ;) I Rn

= 0.14, ill which Uw uncerudnty  Gould IIU1 tirxuuitt  fur
ihc grcawr  thzrn 1 wdue. {he product ion cA’ wiply
cluuged ions Is br!ltwxl w t-w LSIC mrsc.

DlrecI  !on Implrrgcmur[  wits the (rely itmmcd{m
effect addressed in Oli$ rcporl.  So Icq as spacecmft
compwws  ilk’  lIut in llIc pull! U( prilmuy iulh
extr:ictcd from IIw dmrster  accelerator system,  dw
po[en[lnl for degmcft~[lon try sputwriug  shoukl hc
minimal. ‘llle divergence of the exrmctod  ion berms
f r o m  scs!mcnls  A, B a n d  C for four diffewn[
opcrfi(ing  crmditirrnc d’ tile thruster  were evalu;mxl,
BearII dlvcrp,ence  angles  for R = 0,8!33 cases ritngul

from 10° to 16° and from 17° m 22* for cases  in
Which R = 0.643. ‘IIIC I)CUIII  Llivcjgulluc  iIIIglC  wii~

.gerrerfrlly  grerrmr  for ,se.gmen!  A  th:ln  fcw  ci!hw

SCglllCIJ(S  ~ UI  ~, TIICSC Vil]UC&  iWC  Plcscntcd  ill
figures  14 thrcwgh 16 Rc:wn divcrgt.n[w npp!arc  m
p]illurily  k M fulkliwl  uf R ]dtiu tinrj irxl Scrwcc  fimi

nut of h’:ml currlw( l~r dis[nl~cc  from IIIC [Iwuue,r

Lithilw

‘ll)o ccnter]il~~ double ion rtitio iendcd to be less
UI:III 10% except  ror crrscs  al very high propellnm

rstilizntion cfticie.ncitw  and rscver exceedi?d  3(Y6 for
prupclltiw  vffwicncies  of Ics.s [him 0.9, Although this
i s  n o t  ldcal, the. spwrer t!rnsion due to (Mubk  itxl
pIUikSCUOII  k txpctcd  tu h low.

Nosuhsmntia! evkk!nct!  wii~  [wA (o iotfica[c
ihot intrncrion bciwccn  mukipk  ion beam occurrc!d
Licnmrlly the consiswncy wtts  sucmg  bctwtcu dw
currcIu density contour  plots generated with real anrf

superrmposeddard, ~cdtflerences  ob$crvtd,  which
could pot,sibly  have indica~ecl bwarn  interartimr,  m:ly
be CXPl[iII)M  by  sllgl][ Inwnsis!cwic>  witllil)  t h e
ir1va61igR[ion  to ilccoortl”  Ior background pl~Smfi
bi&$eS311d  ChMgeexclliitlgc itlllcffccls, Nrrmcr’icaliy
inlograted  ticumencs  c:ilculated  with red nm$[ly
agreed wi(l~itlosc  calculated  whh s\t~ru[[I}t)scddtt[i~
within iho lilnii~ofut~cer~il~ty~)nd  tiusc th2t did rrol
cmtld 8SS0 be expliiinc(l  by background plil~rrr~  biw
nnd chqe exchnnge  t+ ffwti.

Diffcrcncrxin  Ihchrmm  cumen[donsi!y  prc~filot.
Obst’rvta  Ior tndlvldurrt  Upera[iw  of ml) segmenI
dcnmmLmtedsome inconfiictorlcivt;  il~col]suuctiol~or
Ial-mcauon of the ion sources, wxxlcrilmr systems, or
ticinlcgr[llioll  of”ti]esyscern. Themdifforencc6 wore
observed in brxh [ht! sttilpc of IIIC mdividurtl  ion
bcarns a< well as rhc oricnmkxr of the beams profiles
wiihrcspecl totilerhrus[er.  I)ue [0 sonwdttlcrcnces
bc[wccn  tic ion trcam profiles mtnsurcd in on corly
por[ion of Uris study nnd ihow prcsrmled ilere sIgm1v
rhntthc diffcrcncc.~in tfwrmembly  ofrheion optics
IS ihc mwsl hkciy cause.

‘llw beam divergence! thrus[ mrcclwn Iiwmr  ( rd)
IUIL! illC killil  flLLlllC>S  ~iJlitll}CICl (t;)  l)lCMUiCd C 1 O S C

to tie r.hru.ster were not investigakd in this effor(,
13c)til  {)1’ rhcsc  ion km ptmmcl~rs  Lwukl  k u~  wrluc

ili Iht OverQll plume chhmcterization. The drrm
required m iisscs>  (IIC lwtuil  tfivcrgcitcc (I]tu>l
c o r r e c t i o n  factor  i! :Iv:lilf(hl  t!, I)nwcvl’,r,  tllrllmr
Cx.pclitllclllali(m  wimld  hc rtquird to coilccrcurrcnt
rltwiily ri,w~  clrm  m h? rhrr]qler.

h Lhc  rr$scssmcni of ktcrilclkrrl  !Mv.’ccli  mllilipk
i n n  I-wnrns il mny h;we  been pnisihk  u) filter OIIL (hc

cha(gc  cxchcingc  cf[ccts that arc bclicvcrf m hrrvc
lme.n  oh.sr.rvd. T h i s  WOIII(l  facilil;ilc  :! more
apllrt~pltatc col]l])wisr)l]  I)clwccn  r.hc  currcrrt  rfcnsity
ccmlour plo[$ :md  il)lcgr{ik’d  beam cm-re.n!s

I.iugc JiSulu[);ulcic$  cki SlbClwCCll X and  Y 2Ais

c h a r g e  SI:IU!.  nunlbrr  r:i(io  prolilr.s  wirh  w.gnrri  II>

SyillD)CII”y  and pl~iiilc sllirpc, ‘I”his was most Iikcly


